This paper discusses the stochastic patrolling of a region under collision avoidance constraints by two UAVs. The patrol pattern is controlled by an algorithm that ensures weighted randomized coverage of the region in such a way as to patrol the entire region. The purpose is to search a region for an intruder by a pattern that is undetectable to the intruder. The algorithm ensures that the entire region is searched in an unpredictable way. Avoidance algorithms are implemented to adjust the trajectories of the UAVs in a relatively confined space. The control structure presented is hierarchical with operator-in-the-loop capability as well as lower level collision avoidance control to ensure safe guidance. Computational and experimental results are presented detailing the implementation of these algorithms on UAV helicopters.
Nomenclature φ F L
Angle of vector pointing from the leader UAV to the follower UAV relative to inertial x-axis ψ 1 Heading angle of UAV 1 ψ 2
Heading angle of UAV 2 R 1 Direction cosine matrix that transforms vectors from intertial axes to basis with x-axis pointing from UAV 1 to its waypoint r 1 Inertial position of UAV 1 R 2 Direction cosine matrix that transforms vectors from intertial axes to basis with x-axis pointing from UAV 2 to its waypoint r 2
Inertial position of UAV 2 r a Vehicle avoidance radius r s Vehicle safe radius r 12 Vector from UAV 1 to UAV 2 r tp1
Inertial position of target point for UAV 1 r tp2
Inertial position of target point for UAV 2 r wp1
Inertial position of waypoint for UAV 1 r wp2
Inertial position of waypoint for UAV 2
I. Introduction
This paper describes the development and implementation of an algorithm that is used to navigate two UAVs. The UAVs stochastically patrol a region and use a method of collision avoidance that adjusts the * Graduate Student, Aerospace Engineering, Student Member.
† Undergraduate Student, Aerospace Engineering ‡ Graduate Student § Assistant Professor, Aerospace Engineering flight path of the UAVs to navigate them in a de-conflicted manner. The stochastic search algorithm is a policy that selects waypoints in this region. The patrol region is divided into individual search areas. The centers of these regions are the waypoints that are selected by the search algorithm for visitation. The weighted probability of selecting a waypoint is set to zero when it is selected and increases as other waypoints in the region are visited. A deconfliction algorithm computes the intersection between the flight paths of the UAVs to determine if there is a danger of collision. The algorithm then selects one UAV to be the leader and the other to be the follower. The one that is farthest from the flight path intersection is the follower and yields right-of-way to the leader , Fig 3(a) . The path of the leader UAV remains unchanged until it reaches its waypoint unless a collision becomes imminent or it is re-designated as follower. When a waypoint is reached, the search area is considered searched and a new waypoint is given by the stochastic patrol algorithm.
A. Motivation
The central problem that this work addresses is the need to have two UAVs patrol an area in a manner that is unpredictable to an outside observer, but that insures the coverage of the entire area as the system evolves in time. This ability is applicable to border patrol, 1 maritime patrol 2 and base defense scenarios.
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The patrolling algorithm must be able to patrol a region divided into unequal areas. The UAVs must also navigate in an effective and de-conflicted manner. The UAVs are considered to fly at the same altitude, hence, only 2D navigation needs to be considered. The requirement for the algorithm to run in real time is central to this work, as the UAVs are assumed to operate in a confined region. Relevant applications of this work include the use of UAVs for base defense, border patrol and reconnaissance.
B. Literature review
There is large body of evolving research in the area of UAV motion control. Collision avoidance for groups of two or more is of particular interest. Formation control deals with organization of UAVs into useful configurations and maintaining the stability of these formations in the presence of disturbances. 3 Other research is concerned with collision free navigation of large numbers of UAVs within a confined area. 4 Often problems of waypoint seeking and collision avoidance can be solved as constrained optimization problems, using a linear approximation to constraints to quickly solve the problem of navigating UAVs to avoid each other and stationary obstacles. 5 Groups of UAVs can be navigated to waypoints without collision through the use artificial potential fields. 6 The use of artificial potentials is attractive because the methods are computationally tractable and result in global navigation of an entire group, however, care must be taken to ensure that the UAVs do not become trapped where the sum of potential forces is zero.
Another problem addressed in the literature is the allocation of teams of UAVs to accomplish various tasks. A subset of this issue is the patrolling of a border or region of interest by more than one UAV. Optimization problems can be posed such that multiple vehicles patrol a region and track multiple targets.
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The problem of border patrol by multiple UAVs deals with how to allocate UAVs while maintaining the ability to track moving targets. 
C. Original contributions
An algorithm is presented here that successfully navigates two UAVs in a confined space. A hierarchical approach is presented that allows an operator to specify a search region without being concerned with the details of flight path de-confliction. This region is patrolled stochastically so that an outside observer is unable to discern a predictable pattern. The path planning algorithm runs in real time and is effective in navigating the UAVs in a collision free manner. This work presents the development of the stochastic patrolling method and a development of the collision avoidance protocols. Simulation and experimental results demonstrate the viability of this method to navigate the UAVs.
D. Overview
This paper is organized as such. Section II discusses the formulation of the problem and the method used for patrolling the search in a minimally predictable and effective manner. Section III describes the setup used to validate the algorithms used for stochastic patrolling, collision avoidance and deconfliction. Section IV presents some pertinent results of this work and section V contains a discussion of future work.
II. Problem formulation
The UAVs patrol within a finite region at a constant altitude. The region that the UAVs search need not be a uniform grid, all that is required is a list of waypoints that are to be visited. These waypoints represent the centers of the various subregions that the search region is divided into. These waypoints are repeatedly visited to continually search for intruders. An aircraft standard, north-east-down coordinate system is used. The UAVs are guided by the layered control architecture that is illustrated in Fig. 1 
A. Assumptions and modeling
The UAVs are modeled using a constant velocity assumption. It is assumed that they can instantaneously change heading. In the patrolling scenario, a sensor is used to detect the intruder. The UAVs are assumed to fly at the optimal altitude for the sensor used to detect intruders. The avoidance algorithm assumes constant altitude. Collision avoidance and de-confliction is performed on a pair-by-pair basis.
B. Stochastic patrolling
The region patrolled by the team of UAVs is divided into discrete waypoints to be visited. These points need not lie on a uniform grid. The patrol pattern should search all points repeatedly in a minimally predictable way as viewed from an intruder. To accomplish this, the sectors are visited in a pattern dictated by a weighted random selection. Initially, each sector has equal weighting and equal chance of being selected. The sum of these weightings over all of the sectors is equal one.
A search area is selected by generating a uniform random number and weighting the selection according to the search weighting. After a point is selected, the weighting for that sector goes to zero. The weighting that the selected sector had before selection, W s i k , is then distributed equally among the remaining sectors to maintain the sum of the weightings equal to one. Initially, the search weighting for each sector is
where N is the number of sectors that the search region is divided into. After the weighted random selection of a sector for visitation, the search weighting of each unselected sector becomes,
where
is the weighting of the selected sector prior to selection. When a sector is selected, its weighting becomes,
The probability of being selected for any sector in the coverage region is
and w is a uniform random number between 0 and 1. The selection of a sector for visitation is done by generating a random number w between 0 and 1, and successively summing the weightings of the sectors until the sum exceeds w. The last sector added to the sum is then selected for visitation. The initial expected value of the sector weights, E(W i0 ) = 1 N by Eq. 1. From the initial weighting distribution,
To show that E(W i k ) = 1 N , for all time, we start with,
by Eq. 3. Eq. 2 is substituted into Eq. 7 to obtain,
From this, we see that,
by substituting the initial sum of the weightings from Eq. 5. The expectation becomes,
Thus, the expected value of a sector's search weighting does not change. Table 1 shows the distribution of the search weightings of each sector at the time k = 0. Table 2 shows the weighting distribution at time k = 1. The starting point of the UAVs can be anywhere in the patrolled region. The portion labeled base is excluded from visitation as it is considered to be a fortified area. 
C. Avoidance algorithm
The two UAVs are each given waypoints within a restricted grid and must navigate without collision. The algorithm that accomplishes this also has to run in real time. This is accomplished with two levels of avoidance control. The first level is the most basic and is in place to deal with emergencies, this is the collision avoidance level. The second level employs a method of trajectory planning that guides the UAVs so that one yield right-of-way to the other. These two algorithms function to temporarily replace the waypoint given by the stochastic patrolling algorithm with an intermediate target point. Tracking this target point directs the UAV out of harm's way.
Collision avoidance
The collision avoidance algorithm is responsible for maintaining a specified separation distance between the two UAVs. Two circular zones are created around each UAV to accomplish this. The first is a safe zone defined by the radius r s and the second is an avoidance zone defined by the radius r a , Fig. 2 . These define the separation distance between the centers of the two UAVs. If
collision avoidance is required for both UAVs. The new heading angles of each of the UAVs are
The new target points for this case are,
where the bracket notation, [ * ] 1 indicates that the quantity is expressed in a frame with origin at UAV 1 and x-axis in the direction of the waypoint of UAV 1. The leader UAV is designated to be the one for which,
The target point for the leader UAV remains its waypoint and its commanded heading angle remains unchanged unless emergency collision avoidance becomes necessary. The new target point for the follower UAV becomes,
where φ t is the additional angle offset that points from the leader UAV to the tangent point. The sign of φ t is adjusted to be negative or positive so as to place the target point on the opposite side of the leader UAV as its waypoint. This ensures that the follower UAV moves to the aft of the leader UAV. After the intersection has been avoided, either the follower UAV has passed the leader UAV or the leader UAV has passed the original intersection point, the follower UAV continues in a strait line toward its waypoint.
III. Validation

A. Experimental setup
The stochastic patrol, collision avoidance and deconfliction algorithms were verified experimentally using radio controlled UAVs. The Experimental setup uses microcontrollers to independently regulate the voltages commanded to the r/c remote for each UAV. The commanded voltages are commanded from a PID controller running on a desktop computer. A Vicon camera system is used to obtain the needed state data that is used for feedback control of the UAVs. This system acquires the XYZ position of the objects and the 3-2-1 Euler angle orientation of the objects. The eight camera system is able to acquire at submillimeter accuracy in the position of the identification markers.
The lower level PID controller tracks step commands in the target point and commanded heading angle. The stochastic patrolling, collision avoidance and deconfliction algorithms are run in Matlab and communicate with the UAV controller via a MySQL database. The Vicon system uploads the position of the UAVs onto the database where the positions can be accessed by any computer on the network. The guidance algorithms upload the target point and heading angle commands to the server where the UAV controller accesses this information.
B. Experiment design and execution
The experiments were designed to cover the Vicon camera viewable area in the lab. A uniform three by three grid with the center excluded was used as patrol region. The uniform squares of the grid are 0.7 meters on a side. The center of the grid was considered to be a defended base. Two UAVs are used in the demonstration. Fig. 4 shows the shape of the patrol region. The stochastic patrolling and avoidance algorithms run in 300ms. 
C. Results
This section presents simulation and experimental results from the patrolling and avoidance algorithms. First, results from simulation are presented that show a representative generation of waypoints and one de-confliction scenario. The UAVs successfully designate a leader and follower and the follower yields rightof-way to the leader.
Simulation results
Figure 5(a) shows the paths of the UAVs as they visit their respective waypoints. The leader UAV visits three waypoints. The follower has a conflict and must move to avoid the leader after it visits its first waypoint. Note that the follower is not selected as such until after there is a perceived conflict. Figure 5 (b) depicts the separation distance between the two UAVs. If the separation drops below the lower bounding dotted line, or safe radius r s , collision avoidance is required. The separation remains above this lower bound. The higher bound is the avoidance radius, r a that the UAVs track in the event of safe radius violation. Figures 6(a) and 6(b) show the distance between the leader UAV, follower UAV and their respective waypoints. For the leader, this distance drops linearly as it moves in a strait line towards its waypoint and rises again as the waypoint switches to the next point generated by the stochastic patrolling algorithm. The follower UAV visits its first waypoint similarly, but is diverted by the de-confliction algorithm while in route to its second waypoint. The collision avoidance algorithm is not used here because the UAVs maintain adequate separation distance. 
Experimental results
Experimental results to be included in final draft, 
IV. Conclusions
The authors have presented a method for patrolling a region in a stochastic manner that ensures the coverage of the entire region. The patrolling algorithm allows for nonuniform patrol regions. Flight path conflicts are resolved by selecting the UAV closest to the flight path intersection to have right-of-way. The UAV farthest from the flight path intersection navigates to avoid the intersection. In the event that the conflict is not resolvable through flight path de-confliction, the UAVs use a collision avoidance scheme to immediately move away from each other.
V. Future work
Operating three or more UAVs in the same confined space will require an algorithm with more predictive power. 6 Future goals for this work include guiding three or more UAVs in real time in the same geographic region.
